INTRODUCTION 47
The fruit fly Drosophila melanogaster has emerged as a powerful model for investigating 48 the metabolic mechanisms that support animal growth and development. In this regard, a key 49 advantage of studying metabolism in the fly is that the disruption of an individual metabolic 50 reaction often induces a specific phenotype, thus revealing energetic and biosynthetic bottlenecks 51 that influence cell growth, proliferation, and differentiation. For example, mutations that disrupt 52 activity of the citric acid cycle (TCA cycle) enzymes Isocitrate Dehydrogenase 3b (Idh3b) and 53
Malate Dehydrogenase 2 (Mdh2) prevent the larval salivary glands from dying at the onset of 54 metamorphosis (WANG et al. 2008; WANG et al. 2010 ; DUNCAN et al. 2017 ). These observations 55 suggest that the salivary glands are uniquely dependent on the TCA cycle to activate the cell 56 death program and reveal an unexpected relationship between central carbon metabolism and 57 metamorphosis. Such phenotype-driven studies are essential for investigating how metabolism 58 and development are coordinated during the fly life cycle. 59
The Drosophila eye has long served as a powerful model for both metabolism and 60
development (for reviews, see DICKINSON AND SULLIVAN 1975; KUMAR 2018). Many of the 61
earliest genetic studies conducted in the fly were based upon genes such as vermillion, cinnabar, 62
and rosy, which control eye pigmentation and encode enzymes involved in tryptophan and purine 63 metabolism (LINDSLEY AND ZIMM 1992) . Similarly, classic work by Beadle and Ephrusi used 64 transplantation experiments to demonstrate that ommochromes are synthesized in larval 65 peripheral tissues and transported into the eye (BEADLE AND EPHRUSSI 1936), thus revealing that 66 metabolism is systemically coordinated during development. Nearly a century later, the 67 Drosophila eye still serves as an essential tool for studying developmental metabolism -a fact 68 that is best illustrated by a finding from Utpal Banerjee's lab. In a classic demonstration of how 69 unbiased screens can identify unexpected developmental regulators, members of the Banerjee lab 70 discovered that the Drosophila gene CoVa (FBgn0019624; also known as tenured and COX5A), 71 a subunit of Complex IV within the electron transport chain (ETC) is essential for normal eye 72 development (MANDAL et al. 2005 ). While such a discovery could have been easily discounted 73
as the disruption of a housekeeping gene, characterization of CoVa mutants demonstrated that 74 reduced oxidative phosphorylation (OXPHOS) induces a G1 cell-cycle arrest during the second 75 mitotic wave (MANDAL et al. 2005) . Moreover, this phenomenon was found to be orchestrated 76 by the metabolic sensor AMPK, which responds to the decreased ATP levels present within 77 genes (Supplemental Table 1 ). Since this GAL4 driver promotes transgene expression in the eye 137 imaginal disc from the L2 stage until after the morphogenetic furrow moves across the eye field 138 (WEASNER et al. 2016), our screen of 1575 TRiP RNAi lines was designed to identify metabolic 139 processes required for the proliferation and differentiation of cells within this organ. Of the 140
RNAi transgenes examined, 198 induced an eye phenotype in the initial screen and 165 141 subsequently generated reproducible phenotypes (Supplemental Tables 2 and 3) . Tables 2 and 3 ). Our findings are consistent 153 with previous studies that described roles for these insulin and Tor signaling pathway 154 components in eye development (CHEN et al. 1996; BOHNI et al. 1999; GOBERDHAN et al. 1999 Our ability to identify TRiP lines that interfere with the expression of known growth 158 regulators suggests that our screen efficiently identified key metabolism-associated genes 159 involved in eye development. We would note, however, that a screen of this nature will 160 inevitably produce false-positive results due to the off-target RNAi effect and false negative 161 results due to inefficient depletion of target transcripts. Therefore, we will limit the Results and 162
Discussion sections to those pathways that are either represented by multiple positive results or 163 are notably absent in our analysis. 164
Oxidative Phosphorylation 165
Of the 164 RNAi transgenes that consistently induced an eye phenotype when crossed to 166 the eya composite-GAL4 driver, 40 targeted genes that encode subunits of the ETC and ATP 167 synthase (F-type) as defined by KEGG pathway dme00190 (Figure 2 ; Supplemental Table 4) . 168
These results indicate that eye development is quite sensitive to disruption of Complex I, 169
Complex IV, and Complex V (F-type ATP-synthase), as nearly half of the transgenes that 170 targeted these complexes induced an eye phenotype ( Tables 6 and 7) . 210
These results, while surprising, require confirmation using null alleles of these genes, as we can't 211 eliminate the possibility that enzymes in glycolysis and the TCA cycle are so abundant that 212
RNAi is incapable of reducing their expression below a threshold level. However, we would note 213 
Glutamine metabolism 253
Our screen revealed an unexpected role for glutamine (Gln) and glutamate (Glu) in eye 254 development. Of the 24 TRiP lines that targeted genes directly involved in Gln/Glu metabolism 255 (see enzymes that interact with Gln/Glu in KEGG pathway dme00250), five induced either a 256 small or no eye phenotype (Supplemental Table 8 ). These five RNAi lines targeted five genes 257 that directly regulate Gln/Glu-dependent metabolic processes ( Figure 5A Here we use the Drosophila TRiP RNAi collection to identify metabolic processes that 334 are required for the growth and development of the eye. Our screen not only verified that RNAi 335 could effectively disrupt metabolic processes with known roles in eye development (e.g., CoVa, 336 ETC subunits, enzymes involved in GPI-anchor biosynthesis), but also proved effective at 337 identifying additional pathways that are essential for the growth of this tissue. Here we highlight 338 two key findings that we believe warrant further examination. The Drosophila eye as a model for studying metabolic plasticity and robustness 373
Our screen further supports previous observations that Drosophila development is 374 surprisingly resistant to metabolic insults. Our observation that eye development was largely 375 unaffected by the RNAi transgenes that target glycolysis and the TCA cycle was unexpected. 376
While we doubt that either pathway is completely dispensable for eye formation, our results are 377 consistent with the ability of Drosophila development to withstand severe metabolic insults (e.g., 378
Mpc1 mutants, BRICKER et al. 2012 ). This metabolic robustness makes sense because animal 379 development must readily adapt to a variant of nutrient sources and environmental stresses. 380
Based upon the results of this screen, we propose that the fly eye could serve as a model to 381 identify the compensatory pathways that that allow cell growth and proliferation to proceed in 382 the face of major metabolic disruptions. 383
Overall, our genetic screen demonstrates how Drosophila melanogaster can serve as a 384 powerful model to identify tissue-specific metabolic factors required for tissue growth and 385 organogenesis. Moreover, we believe this work represents a necessary step toward systematically 386 analyzing the metabolic pathways that support cell proliferation and tissue growth within the fly. 
